Recent studies strongly suggest the possibility of more frequent extreme events as a result of the changing climate. These weather extremes, such as excessive rainfall, result in debris flow, river overflow and urban flooding, which can pose a substantial threat to the community. An effective flood model is therefore a crucial tool in flood disaster control and mitigation. A number of flood models have been established in recent years. However, the major challenge in developing effective and accurate flood models is the disadvantage of running multiple models for separate, individual conditions. Among the solutions in recent research is the development of combined 1D-2D flood modeling. Coupled 1D-2D flood modeling allows the channel flows to be represented in 1D and the overbank flow to be modeled in 2D. In order to test the efficiency of the approach, this research aims to assess the capability of the U.S. Army Corps of Engineers Hydrologic Engineering Center River Analysis System (HEC-RAS) model's implementation of the combined 1D-2D hydraulic computation in simulating river overflow inundation. For verification, the simulation is applied to the Baeksan river levee breach event in South Korea in 2011. The simulation results show similarities of the observed data and the outputs from widely used flood models. This proves the applicability of the HEC-RAS 1D-2D coupling method as a powerful tool in simulating accurate inundations for flood events.
Introduction
In recent times, numerous climate projection research works have predicted changes in the pattern and intensity of global precipitation by the end of the 21st century. The studies suggest an expected increase in rainfall in tropical regions and at high latitudes [1] , especially in the East Asian monsoon region [2] . The sudden changes in rainfall patterns and intensity lead to water-related natural hazards, such as flooding, drought, rainfall-induced landslides and water-related epidemics. Of these hydro-meteorological hazards, flooding is considered to be the most recurrent and to have the highest risk [3] . For this reason, there has been a world-wide endeavor in developing the efficient and accurate flood models which are crucial for flood disaster prevention and mitigation.
Over the past decades, numerous flood models have been developed that utilize different hydrological approaches. These hydrological model types can be classified as empirical (data driven), hydro-dynamic and physical process-based [4] . The hydro-dynamic approach uses mathematical equations to replicate the fluid behavior, which are derived from applying physical laws to fluid motions. This technique can be grouped dimensionally into 1D, 2D and 3D models. The simplest
HEC-RAS Flood Model
The HEC-RAS model is one of the most commonly utilized flood modeling pieces of software in hydrodynamic simulation. This model is designed to perform 1D steady flow and 2D unsteady flow simulations for a river flow analysis, as well as sediment transport and water temperature/quality modeling. The model uses geometric data representation and geometric and hydraulic computation routines for a network of natural and constructed river channels. While there are a large number of capabilities this model can perform, the research shall only focus on HEC-RAS's ability to run 1D river flow and 2D flood inundation and the combined approach, especially the analysis of flood inundation instigated by a dam or levee breach.
One-Dimensional River Flow Modeling
In 1D river hydraulic modeling, all water flows are assumed to flow in a longitudinal direction. One-dimensional models represent the terrain as a sequence of cross-sections and simulate the flow in order to provide estimates of flow parameters such as flow velocity and water depth. To simplify the computation, HEC-RAS assumed a horizontal water surface at each cross-section normal to the direction of the flow such that the momentum exchange between the channel and the floodplain can be neglected [9] . The one-dimensional equations of motion then become:
where Q is the total flow, A is the flow area, Φ is the quotient of channel conveyance over the total conveyance, z is the elevation of water surface, and S f is the friction slope, in which the subscripts c and f refers to the channel and floodplain, respectively. The 1D model unsteady flow equations were solved using a four-point implicit scheme, where the space derivatives and function values were evaluated at an interior point (n + θ)∆t.
Two-Dimensional Flood Inundation Modeling
Two-dimensional flood models allow water to move in both longitudinal and lateral directions, while velocity is assumed to be negligible in the z-direction. However, unlike 1D models, these models represent the terrain as a continuous surface through a mesh or grid. In order to improve the computational time, HEC-RAS uses a sub-grid approach, which uses a relatively coarse computational grid and finer scale information underlying the topography [9] . The sub-grid bathymetry equations are derived from full shallow water and diffusion wave equations.
Assuming that the governing equation represents an incompressible fluid, the unsteady differential form of the conservation of mass becomes:
where t is time, q is the source/sink term, and the u and v are velocity components in x-and y-directions, respectively. The water surface elevation H is defined as the sum of the surface elevation z(x, y) and water depth h(x, y, t). The HEC-RAS sub-grid bathymetry mass conservation equation is then represented as:
where Ω is the volumetric three-dimensional space occupied by the fluid, Q represents the source/sink term that crosses the bottom (infiltration) and top surface (rain/evaporation). The superscript terms n and n + 1 represent the index time-steps between two consecutive time-steps ∆t, and V k , and A k (H) and n k are the average velocity, area and unit normal vector at face k.
Coupled 1D-2D Method
The 1D model of HEC-RAS has been widely used in river flood analysis [17] [18] [19] [20] [21] [22] [23] [24] , as well as their two-dimensional model [24] [25] [26] [27] [28] . In their newest version, HEC-RAS added the ability to perform combined 1D and 2D unsteady-flow routing within the unsteady flow model, allowing work on a larger river system, and implementing 2D modeling only in the areas that require a higher level of hydrodynamic precision. The coupled 1D and 2D solution algorithm allows for direct feedback for Water 2019, 11, 2048 4 of 14 each step between 1D and 2D flow elements, which enables the more accurate calculation of headwater, tailwater, flow and any submergence that occurs at the hydraulic structure in a time-step-by-step basis, as used by Brunner [9] .
The HEC-RAS 1D-2D combined method is performed by setting up a lateral connection, in which the 2D flow areas are coupled to the 1D cross-sections using a lateral structure [11] . The flow over the structure is determined using the weir equation or 2D flow equations. The standard weir equation used to calculate the flow over the lateral weir is:
where dQ is the structural flow over the length element dx, y ws is the water surface elevation, y w is the structure elevation, and C is the weir coefficient. For the numerical scheme, a hybrid discretization approach is used to take advantage of the orthogonality of the grids. Finite difference approximation is used to discretize the time derivatives, while the finite volume approach is utilized to discretize the spatial derivatives for grids that are not locally orthogonal. For the finite difference scheme, the volume derivatives in time are discretized as the difference of the volumes at times n and n + 1 divided by the time step ∆t, given by:
The finite difference in space, however, is defined as:
where ∆n is the distance between the cell centers. A finite volume approach is used to discretize Equation (4) when the grid is not locally orthogonal. The value of the grid term ∇H at the grid face is approximated as:
where L is the dual grid boundary and A is the area of the dual cells. The hybrid discretization equation can be summarized as
where T and T are the directions orthogonal to n and n + 1, respectively. The first term of Equation (9) is computed using finite difference approximation, and the second term is computed through finite volume schemes. For more details about the 1D-2D coupling method in HEC-RAS, the reader can refer to HEC-RAS River Analysis System Hydraulic Reference Version 5.0 [9] .
Data and Methods
To test the efficiency of the technique developed in simulating flood inundation events, the data gathered from the 2002 Baeksan levee failure event in Nam river, Korea were used for validation. On the 10 August 2002, continuous torrential rainfall caused one of dams in the concrete embarkment of the Baeksan water purification plant to collapse, resulting in six villages being inundated by flood [29] . Consequently, approximately 3.5 km 2 of agricultural land and 80 houses were flooded [6] , and 24 of those were completely destroyed. The negative effect of the event lead to further interest in developing efficient dam breach flood models. This event also provides reliable field data suitable for verification, which previous research has used for flood analysis [6, 14, 15] . 
Research Domain

Methodology
In order to run the simulation for the HEC-RAS coupled 1D-2D model, the results from the HEC-RAS one-dimensional model were used for the input data. These 1D data were also used in previous research in simulating Baeksan flood inundation. The mesh domain for the 2D flow was set up, as well as the lateral structure and boundary conditions. After running the simulation, the 
In order to run the simulation for the HEC-RAS coupled 1D-2D model, the results from the HEC-RAS one-dimensional model were used for the input data. These 1D data were also used in previous research in simulating Baeksan flood inundation. The mesh domain for the 2D flow was set up, as well as the lateral structure and boundary conditions. After running the simulation, the resulting flood data-flood extent, water surface elevation, water depth, change in flooded area and flow velocity-were mapped using the geographic information system (GIS) tool, and then compared to the flood results from the observed data, Gerris and FLUMEN models. In this way, the model's capability and accuracy can be assessed.
Pre-Simulation Conditions
In 2D modeling, a spatial representation of flow can either be constructed through a structured mesh (regular grid), unstructured mesh (triangular grid) or flexible mesh. However, difficulties in the simulation can be encountered in some cases where topographic data is too dense to be realistically used as a grid for numerical modelling. This poses challenges when a coarse grid must be used to generate an overall fluid simulation, but finer features needed to be incorporated in the computation as well. To solve this problem, recent advances in two-dimensional modeling include the adaptive mesh refinement method [6] and hybrid 1D-2D variable grid sizing technique [8] . HEC-RAS, however, uses the sub-grid bathymetry approach, where the extra information is pre-computed from fine bathymetry. The high-resolution details are neglected, but enough data are available so that the coarser numerical method can account for the fine bathymetry through mass conservation [9] . Equation (4) requires knowledge on the sub-grid bathymetry, such as the cell volume Ω(H) and face areas A k (H) as a function of water elevation H. The construction of the mesh in this simulation can be seen in Figure 3 . A hybrid discretization, as discussed in Section 2.3, was used to tackle the challenge in discretizing orthogonal and un-orthogonal grids. In this research, a grid resolution of 33 by 33 m was used, conforming with the maximum level refinement criteria used by An et al. [6] . flow velocity-were mapped using the geographic information system (GIS) tool, and then compared to the flood results from the observed data, Gerris and FLUMEN models. In this way, the model's capability and accuracy can be assessed.
In 2D modeling, a spatial representation of flow can either be constructed through a structured mesh (regular grid), unstructured mesh (triangular grid) or flexible mesh. However, difficulties in the simulation can be encountered in some cases where topographic data is too dense to be realistically used as a grid for numerical modelling. This poses challenges when a coarse grid must be used to generate an overall fluid simulation, but finer features needed to be incorporated in the computation as well. To solve this problem, recent advances in two-dimensional modeling include the adaptive mesh refinement method [6] and hybrid 1D-2D variable grid sizing technique [8] . HEC-RAS, however, uses the sub-grid bathymetry approach, where the extra information is pre-computed from fine bathymetry. The high-resolution details are neglected, but enough data are available so that the coarser numerical method can account for the fine bathymetry through mass conservation [9] . Equation (4) requires knowledge on the sub-grid bathymetry, such as the cell volume ( ) and face areas ( ) as a function of water elevation . The construction of the mesh in this simulation can be seen in Figure 3 . A hybrid discretization, as discussed in Section 2.3, was used to tackle the challenge in discretizing orthogonal and un-orthogonal grids. In this research, a grid resolution of 33 by 33 m was used, conforming with the maximum level refinement criteria used by An et al. [6] . For the levee breach simulation, the upstream and downstream boundary conditions of water level and stage flow (Figure 2 ) from the connecting water level observation stations were computed using the HEC-RAS 1D model. The lateral structure and the breach data of the ruptured levee can be seen in Figure 4 . The width and length of the failure were set as 10.3 m and 15 m, respectively, based on the survey conducted by the Korea Ministry of Construction and Transportation after the event. The homogeneous roughness coefficient is set to η = 0.06 according to the cultivated crop/pasture manning value in [30], since the flood area is mostly paddy field and vegetable crops [15] . The breach formation time was assumed to be 20 h, that is, the time it took for the surface water level in the flooded area side of the levee to recede after the breach. Our literature review stated that the levee break occurred on 10 August 2002 at 1600, and the flood simulation time was therefore set up for 10 August at midnight to 12 August at 1600. The simulation times for the FLUMEN, Gerris and HEC-RAS coupled 1D-2D were 420 [29], 111.95 [15] and 1.82 min, respectively.
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To analyze the performance of the HEC-RAS 1D-2D coupled method, the resulting flood simulations outputs were compared to those of the observed values (surveyed flood extent trace map by Korea Geongnam Development Institute, Busan, Korea) and the results from the 2D flood models (Gerris; FLUMEN) in previous research. Figure 5 shows the surveyed flood inundation (red Water 2019, 11, 2048 8 of 14 line) and simulated inundation boundaries (Gerris = purple line, FLUMEN = blue line, HEC-RAS = yellow line). In general, the flood extent simulated using HEC-RAS agrees well with the other models' results and the surveyed one. The simulated inundation extents agree with the local topography. However, it under-estimated the expanse in comparison with the surveyed data, especially towards the mountainous areas. In terms of the maximum inundation area, HEC-RAS has a slightly greater value (3.88 km 2 ) compared to that of FLUMEN and Gerris (3.13 and 3.51 km 2 , respectively). The flood points within the flooded area can be seen in Figure 6 . Points G1 and G2 are assigned on the river side and flooded area side of the levee, respectively. In this way, the simulated increase and decrease in the water level inside and outside the levee break can be visualized. The simulated change in water level on points G1 and G2 for the three models can be seen in Figure 6 . The simulation starts as the levee breaks on 10 August at 1600, and the water level in G1 slowly declines and the G2 water level sharply increases as water in the river flows into the paddy field. At around 22 h after the breach, the water level within the flooded area stabilizes and slowly drops as water starts to flow back into the river. The HEC-RAS simulated water level has the same pattern as that of the other two models, especially Gerris, where the water level is briefly stable around 6 to 9 h after the breach (13.0 m). The Gerris model reached 14.59 m at 24 h, while FLUMEN and HEC-RAS reached their maximum water levels at 22 h at 14.63 m and 14.45 m, respectively. In addition, in HEC-RAS, G1 and G2 water levels eventually even out as the water recedes, while for the other two models, the G2 water level is consistently higher than in G1. This might be due to the direct interaction of HEC-RAS 1D and 2D models, which allows the direct linkage of water flowing back into the river. The flood points within the flooded area can be seen in Figure 6 . Points G1 and G2 are assigned on the river side and flooded area side of the levee, respectively. In this way, the simulated increase and decrease in the water level inside and outside the levee break can be visualized. The simulated change in water level on points G1 and G2 for the three models can be seen in Figure 6 . The simulation starts as the levee breaks on 10 August at 1600, and the water level in G1 slowly declines and the G2 water level sharply increases as water in the river flows into the paddy field. At around 22 h after the breach, the water level within the flooded area stabilizes and slowly drops as water starts to flow back into the river. The HEC-RAS simulated water level has the same pattern as that of the other two models, especially Gerris, where the water level is briefly stable around 6 to 9 h after the breach (13.0 m). The Gerris model reached 14.59 m at 24 h, while FLUMEN and HEC-RAS reached their maximum water levels at 22 h at 14.63 m and 14.45 m, respectively. In addition, in HEC-RAS, G1 and G2 water levels eventually even out as the water recedes, while for the other two models, the G2 water level is consistently higher than in G1. This might be due to the direct interaction of HEC-RAS 1D and 2D models, which allows the direct linkage of water flowing back into the river.
The simulated flood depth comparison of Gerris and HEC-RAS ( Figure 7) shows flood depths simulated by the two models 3, 5, 12 and 48 h after the levee break. The calculated water depth is the computed difference in the water surface elevation and surface elevation. The model outputs are quite similar, with minor differences in the depth and extent in some areas. Gerris has a wider and deeper flood inundation in time compared to HEC-RAS. Both models agree that the flood starts to recede back into the river after 48 h. The simulated flood depth comparison of Gerris and HEC-RAS ( Figure 7) shows flood depths simulated by the two models 3, 5, 12 and 48 h after the levee break. The calculated water depth is the computed difference in the water surface elevation and surface elevation. The model outputs are quite similar, with minor differences in the depth and extent in some areas. Gerris has a wider and deeper flood inundation in time compared to HEC-RAS. Both models agree that the flood starts to recede back into the river after 48 h.
Both Gerris and HEC-RAS have the ability to simulate the flow velocity as well. Figure 8 shows the simulated flow velocity comparison of the Gerris and HEC-RAS models. The water flows from the levee breach within the first to fifth hour and starts to recede after 48 h. The flow velocity is greatest within the levee opening and the sudden narrowing regions (Figure 8 ).
(a) Figure 6 . Topography and location of gauged points (a) (Points G1 and G2 are located in the river side and flooded area side of the levee, respectively) and water level at points G1 and G2 from Gerris (b), FLUMEN (c) and HEC-RAS models (d). The simulated flood depth comparison of Gerris and HEC-RAS (Figure 7) shows flood depths simulated by the two models 3, 5, 12 and 48 h after the levee break. The calculated water depth is the computed difference in the water surface elevation and surface elevation. The model outputs are quite similar, with minor differences in the depth and extent in some areas. Gerris has a wider and deeper flood inundation in time compared to HEC-RAS. Both models agree that the flood starts to recede back into the river after 48 h.
Both Gerris and HEC-RAS have the ability to simulate the flow velocity as well. Figure 8 shows the simulated flow velocity comparison of the Gerris and HEC-RAS models. The water flows from the levee breach within the first to fifth hour and starts to recede after 48 h. The flow velocity is greatest within the levee opening and the sudden narrowing regions (Figure 8 ). Both Gerris and HEC-RAS have the ability to simulate the flow velocity as well. Figure 8 shows the simulated flow velocity comparison of the Gerris and HEC-RAS models. The water flows from the levee breach within the first to fifth hour and starts to recede after 48 h. The flow velocity is greatest within the levee opening and the sudden narrowing regions (Figure 8 ). The change in the flooded area for the simulated results was calculated using GIS. A comparison between the models can be seen in Figure 9 . The results show an increasing flooded area for the three models. Gerris and FLUMEN show a similar trend: A constant increase in area from 0 to 5 h (95% flooded) (FLUMEN) and 0 to 8 h (97%) (Gerris). The estimated inundation was 2.8 km 2 for FLUMEN and 3.5 km 2 for Gerris, which remained constant until the end of the simulation. For HEC-RAS, however, an inconsistent increase in flooded area can be observed, where the maximum area simulated is 3.93 km 2 at 2200, and then this starts to decrease in size afterwards. The flooded area for HEC-RAS reached 75% after 7 h and 97% after 16 h. This behavior was not observed in the other two The change in the flooded area for the simulated results was calculated using GIS. A comparison between the models can be seen in Figure 9 . The results show an increasing flooded area for the three models. Gerris and FLUMEN show a similar trend: A constant increase in area from 0 to 5 h (95% flooded) (FLUMEN) and 0 to 8 h (97%) (Gerris). The estimated inundation was 2.8 km 2 for FLUMEN and 3.5 km 2 for Gerris, which remained constant until the end of the simulation. For HEC-RAS, however, an inconsistent increase in flooded area can be observed, where the maximum area simulated is 3.93 km 2 at 2200, and then this starts to decrease in size afterwards. The flooded area for HEC-RAS reached 75% after 7 h and 97% after 16 h. This behavior was not observed in the other two models. The reason for this might be because Gerris and FLUMEN model simulations considered the levee break as a topographical misalignment, in which the flow of water is only one way, while the HEC-RAS 1D-2D coupled method considers the interconnection between the 1D river flow and the 2D flood inundation. The recedence of water back into the river was considered in HEC-RAS, which is more realistic compared to the other models. Another reason may possibly be the difference in the threshold level for the three models. The models have different threshold values on which they count the wet and dry grid. models. The reason for this might be because Gerris and FLUMEN model simulations considered the levee break as a topographical misalignment, in which the flow of water is only one way, while the HEC-RAS 1D-2D coupled method considers the interconnection between the 1D river flow and the 2D flood inundation. The recedence of water back into the river was considered in HEC-RAS, which is more realistic compared to the other models. Another reason may possibly be the difference in the threshold level for the three models. The models have different threshold values on which they count the wet and dry grid. The surface water elevation values of Gerris, FLUMEN and HEC-RAS ( Figure 10 ) simulated at 1, 12, 24 and 48 h after the breach show similarities. FLUMEN at 1 h shows a slightly larger extent of inundation compared to the other two models. Lee et al. [14] suggested that the difference might be due to the fact that the FLUMEN model considers the underflow flooding within the flooded area or due to the terrain differences. A slightly lower extent of the flood can be observed in the HEC-RAS model (Figures 7 and 10 ) in the first five hours after the breach. This is because of the difference in the treatment in the overtopping process, where HEC-RAS utilizes a more detailed breaching procedure compared to the other models. The surface water elevation values of Gerris, FLUMEN and HEC-RAS ( Figure 10 ) simulated at 1, 12, 24 and 48 h after the breach show similarities. FLUMEN at 1 h shows a slightly larger extent of inundation compared to the other two models. Lee et al. [14] suggested that the difference might be due to the fact that the FLUMEN model considers the underflow flooding within the flooded area or due to the terrain differences. A slightly lower extent of the flood can be observed in the HEC-RAS model (Figures 7 and 10 ) in the first five hours after the breach. This is because of the difference in the treatment in the overtopping process, where HEC-RAS utilizes a more detailed breaching procedure compared to the other models.
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Conclusions
This research utilized the combined 1D-2D flood modeling capability of the HEC-RAS model to simulate the Baeksan levee break event in Korea in August 2002. The HEC-RAS coupled 1D-2D method used the sub-grid bathymetry approach and hybrid discretization to simulate the flood inundation. The accuracy of the simulation results was assessed by comparing them with the observed data, as well as the simulation results from other previously used 2D models, Gerris and FLUMEN. The flood results evaluated were the flood inundation boundary extent, water depth, flow velocity, surface water elevation and change in flooded area. These variables were represented as maps using GIS tools.
The flood simulation results from the HEC-RAS model show a large number of similarities to those of Gerris and FLUMEN models, with only some minor differences. A slight difference can be observed in the inundation extent in the first few hours after the breach in the HEC-RAS model, which is due to the more detailed breaching process of the model. A particular disparity was also observed in the change in flooded area over time. The resulting HEC-RAS model pattern in the change in flooded area shows an inconsistent increase in flooded area: 75% and 97% of the total flooded area are inundated 7 and 16 h after the levee breach, respectively, while Gerris and FLUMEN models achieved 95% and 97% of the inundated area 5 and 8 h after the breach, respectively. The dissimilarity in the results is possibly due to the difference in the numerical scheme and the treating approaches used by the models, and the direct connection between the 1D and 2D models in HEC-RAS, which allows direct feedback between the 1D and 2D flow elements occurring in the hydraulic link structure. The HEC-RAS simulated flooded area is deemed to be more realistic in terms of the ideal behavior of flood dynamics.
In conclusion, the ability of the latest HEC-RAS model to provide combined numerical computations of 1D river flow and 2D flood area has shown to be efficient in simulating levee breach events, which is of utmost importance, as flood events such as this are likely to occur with more frequency in the future. 
